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Abstract
Over the past two decades, homogeneous Au(I) catalysis has been a valuable synthetic tool
for activating a series of unsaturated carbon-carbon bonds towards nucleophilic attack. Despite
this progress, Au(I/III) redox chemistry has not been well explored. This is largely due to the
challenges associated with the high oxidation potential of gold. Hence, the need for an efficient
and safe method for Au oxidation.
Herein, a base-assisted diazonium salt activation has been used to facilitate Au redox
reactions under mild reaction conditions. This oxidative coupling method afforded functional
isoxazolines with good to excellent yields, while the alternative photoactivation method provided
trace amounts of the isoxazoline products. This study further broadens the scope of gold redox
chemistry. Similarly, cyloporpanol ring opening has been reported under mild chemical condition.
This leads to the formation of β-ketones at up to 85% yields.
Furthermore, a series of novel triazole based ruthenium alkylidene complexes are reported.
The well-defined complexes were employed to catalyze the cross-metathesis reaction of styrene
and a series of coupling partners. Like Grubb II catalysts, complex Ru-TA 2 gave 56% E-olefin in
a cross-metathesis reaction. For ring opening metathesis reaction, our catalysts give up to 55% Zolefin. Although, the results obtained for cross metathesis and ring opening metathesis
polymerization are like currently reported yields from Grubbs catalyst, a significant structural
modification would further improve the selectivity of the catalysts while also increasing yield.
vi

Chapter 1: Gold redox catalysis for cyclization/arylation of allylic oximes

1.1 Origin of Homogeneous Gold Catalysis

Homogeneous catalysis has been successfully applied in organic synthesis for effective
construction of C–C and C–heteroatom bonds.1,2 For this purpose, Au (I) complexes have been well
known to facilitate alkyne and allene activation to afford new organic structures and reactivities.
The earliest example of Au(I) complex used as a catalyst for alkyne activation was reported by
Teles in 19983 in this report, they were able to effectively achieve alcohol addition across a series
of alkynes (Figure 1). This strategy was widely accepted as a groundbreaking development in
homogeneous catalysis and a very similar reaction involved the use of toxic Hg (II) salts under
rigorous acidic conditions, leading to poor regioselectivity and formation of obnoxious wastes.

Figure 1: Gold Catalyzed alcohol addition to alkyne by Teles

The report by Teles shows that electronic properties and steric properties of the alkyne
have significant effects on reaction efficiency. In this case, less electron rich alkynes gave better
reactivity while bigger R group on the alkyne reduces reaction efficiency. Also, larger R group on
the alcohol led to lower conversion and yields. Teles also suggested that acid is crucial to inhibit
Au complex reduction to Au 0. Furthermore, addition of acid was found to activate the Me-Au
1

catalyst by protonation and subsequent release of methane to form a highly reactive cationic
species which serves as active catalyst for the reaction. This seminal work has been a gold standard
upon which several investigations rely.
Today, there has been tremendous success in the area of Au(I) catalysis; (Figure 2) creating
better understanding of the chemistries associated with gold-ligand interactions, devolving new
organic reactions and bridging the gaps left by the well-studied Pd catalysis. However, significant
challenges such as exclusive π-reactivity, linear structures of Au(I) complexes have limited their
synthetic applications.4,5 Hence, understanding Au (III) catalysis would be a unique advancement
to the area of gold catalysis. However, due to the challenge associated with relatively high
oxidation potential of gold, Au (I/III) chemistry has not be very well explored. 6,7,8

Figure 2: Some important gold reactions
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1.2 Electronic and Structural Properties of Gold

Au(I) is a d10 linear complex that exhibits strong binding with a host of unsaturated carbon
functional groups. The basic structure of this complex is described below in (Figure 3), where the
neutral ligand (L) bound to Au(I) is usually a phosphine or N-heterocyclic carbene. Like other d10
metals, it has been revealed that the formation of the active p-complex proceeds via an initial
associative ligand exchange, characterized by large negative activation entropies. The
high alkyneophilicity inherent to these complexes has also been a topic of interest.

Figure 3: Basic structure of gold

In 2007, Dean Toste suggested that the relativistic treatment of Au(I) offers the greatest
insight within its reactivity.9 More specifically, in the case of heavier atoms, especially those which
have filled 4f and 5d orbitals, it is necessary to treat the radial velocity of its outer 6s electrons as
significant relative to the speed of light. Because of this treatment, the mass of the electron
increases dramatically. Due to an inverse relationship that exists between the mass of an electron
and its Bohr radius orbiting a nucleus, a contraction of the 6s orbital occurs (Figure 4).
Consequently, this contraction allows us to rationalize the high oxidation potential of Au(I)
species. Notably, the poor ability for Au(I) to undergo oxidation has been another factor that has
extended its utility, as Au(I)-catalysts are typically air and moisture stable. Upon contraction of
3

the 6s orbital, greater shielding of effective nuclear charge occurs, leading to an expansion of the
5d orbital. Due to the disperse nature of the monocationic Au-species, it exhibits the reactivity of
a very soft acid and binds exceptionally well to soft bases such as alkynes, alkenes and allenes.10,
11,12

This expansion is also critical to understand the instances where Au-carbenoid species are

produced, as the expanded d-electrons can efficiently back-bond into carbocations. Furthermore,
the contraction of the 6s orbital leads to an intrinsically lower Au-LUMO, making it a superior
Lewis acid compared to other group 11 metals.

Figure 4: Relativistic effect of gold

1.3 Manifolds of Reactivity in Gold Catalysis

The most classic mode of reactivity in gold catalysis has been their Lewis acid ability
(mostly gold III). The most prevalent and developed mode of reactivity has been the π-acid
activation of alkynes, allenes and alkenes. Gold carbenoids has been known as another important
reactivity of gold complexes.13 The general mode of gold catalyzed activation of unsaturated
carbon substrates is described in (Figure 5). A cationic Au species will bind with an alkyne
through a ligand exchange between the substrate and either solvent or a weakly coordinating anion
at Au. Upon p-complexation and lowering of the alkyne LUMO, a nucleophile can attack the
4

alkyne, leading to vinyl-Au intermediate 1. In most Au-catalyzed reactions, Markovnikov type
addition prevails, especially in the case of terminal alkynes. An interesting stereochemical feature
of the nucleophilic addition step is that the vinyl-Au formed after nucleophilic attack exists in the
trans relationship.
Due to the electronic nature of Au(I), Au-carbenoid intermediate 3 can be formed when
certain electrophiles or nucleophiles are involved. Product 2 can be generated when the vinyl gold
species undergo a protodeauration step which resembles simple protonation of the Au-C species
while regenerating the Au complex14, 15,16 . In some cases, vinyl-Au species may also be trapped
by electrophiles or undergo transmetallation with another transition metal.

Figure 5: General mode of alkyne activation by Au(I) complexes
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1.4 Development of Au (I/III) Chemistry

Generally, transition metal chemistry has been well developed for both homo- and crosscoupling reactions. Notably, palladium-catalyzed coupling reactions including Mizoroki-Heck,
Negishi, and Suzuki-Miyaura reactions have paved a way for organic chemists to explore more and
broader applications in synthetic chemistry field, these achievements were recognized by the 2010
Nobel prize in chemistry. The mechanisms for these reactions usually involve a M/M+2 redox cycle.
Besides the application in palladium, other metals such as nickel, rhodium, copper and iron have also
provided important applications with similar reactivity. The +1 and +3 states of gold are hard to
interconvert during an oxidation/redox reaction due to the high oxidation potential (E0 = +1.41 V). Due
to the high redox potential, nevertheless, the necessary process from gold(I) to gold(III) is challenging
towards catalytic coupling reactions. (Figure 6).

Figure 6: Gold I/III redox catalysis cycle

The first leap in homogeneous gold oxidative cross coupling was made by Zhang17 in 2009
when he reported selectfluor as an oxidant for gold-catalyzed oxidative cross-coupling of propargylic
6

acetates and arylboronic acids leading to a one-step synthesis of α-arylenones and similarly, Shi et al
also reported a cross coupling reaction using PIDA as oxidant 8,18 (Figure 7).

Figure 7: External Oxidant for gold oxidative coupling reactions

In this case, As initially reported by Glorius in 2013,19 a combination of gold and photoredox
catalyst was effective oxy and amnoalrylation of alkenes in the presence of visible light. This dual
catalytic approach serves as a way of expanding the scope of Au-catalyzed functionalization reactions
of C−C multiple bonds. In this reaction, it was proposed that a cationic Au(I) catalyst initially reacts
with the alkene substrate to afford the R-Au(I) intermediate resulting from anti-selective cyclization. At
this point, aryl radicals generated upon Ru-catalyzed photoredox decomposition of the diazonium salt
could react with this species to afford the Au (II) intermediate bearing both coupling partners. This
unstable species would be expected to rapidly donate an electron to Ru-III, regenerating the Ru-II
photoredox catalyst and affording a highly electrophilic Au (III) species. Reductive elimination at this
stage would deliver the product and regenerate the Au(I) catalyst. In 2014, Toste20 reported a similar

7

reactivity which involves a ring expansion−oxidative arylation reactions of small sized ring-substituted
alkenes and allenes (Figure 8).

Figure 8: Photoredox chemistry in gold catalysis

1.5 Significance of 2-Isoxazolines and 1,2-oxazines

Isoxazolines are a special class of 5-membered heterocylic chemical compounds
containing one atom each of adjacent nitrogen and oxygen. They are structural isomers of the more
common oxazolines and has 3 different isomers depending on the location of double bond. The
relatively weak N-O bond makes the compounds prone to ring-opening and rearrangement
reactions.
They have been reported to have significant biological activity. A series of naturally
occurring isooxazolines with tremendous anti-cancer activity are produced by marine sponges and
the most common encountered ones are found in veterinary medicines – used to prevent parasites
infestations in pets (Figure 9)

8

Figure 9: Some bioactive compounds with 2-isoxazoline core

1.6 Project Objectives / Implications

The objective of the research is to develop an efficient chemical activation method for
oxidizing Au(I) to Au (III) in order to carry out a cyclization/arylation of oximes. This method is
expected to generate generate oxazolines which are a well-known class of bioactive organic
molecules.
To also compare the chemical method to photoactivation for gold redox catalysis. One
general concern is whether oxime could survive under gold redox conditions with radical labile N–O
and C N bonds. In fact, when treating allyl oxime 1a with diazonium 3a under photocatalytic
conditions, no desired product 2a was observed although 1a was completely consumed within two
9

hours. With an interest in exploring this useful transformation with gold-redox catalysis, we further
evaluated the reactivity of 1a in the presence of diazonium salt 3a21. The results are summarized in
Figure 10

Figure 10: Oxime reaction pathways under Au reaction condictions

Table 1: Preliminary screening of oxime reactivity under basic reaction condition
Convn
Entry

Conditions

Recov.

Time
1a

1a

1

1a, Blue LED

24 h

0%

>95%

2

1a and 3a, Blue LED

2h

100%

0%

3

1a and 3a, daylight

4h

100%

0%

4

1a and 3a, dark

5h

100%

0%

5

1a, 3a, and Li2CO3, daylight

6h

10%

90%

6

1a, 3a, and Li2CO3, dark

24 h

5%

>95%

10

Although with reactive N–O and C C bonds, oxime 1a showed good stability while exposed to
light, giving less than 5% decomposition under blue LED initiation. However, upon treatment with
diazonium salt 3a (1 : 1 mixture of 1a and 3a), rapid decomposition occurred at room temperature and
100% of 1a was consumed with no clear identifiable products observed when exposed to either blue
LED or daylight. Slower decomposition was observed (100% decomposition, 5 h) when treating the
mixture under darkness. Notably, 19F NMR studies showed that most of the diazonium salt was
consumed (entries 1–4). Unfortunately, these results ruled out the possibility of applying diazonium salt
in gold redox catalysis under photo-activation conditions.

1.7 Optimization of Reaction Conditions

As discussed above, our group had initiated a chemical activation approach as an alternative for
diazonium salt promoted gold redox catalysis. We argued that a base will assist the in situ N2 extrusion
process to promote the oxidation of Au(I) to Au(III)–Ar, thereby, slowing down the radical generation
which decomposes the oxime. With this in mind, we found that addition of 2 eq. Li2CO3, did slow
down 1a decomposition: 10% conversion of 1a in 6 h under daylight (entry 5). Meanwhile, 19F NMR
studies showed that only a little amount of diazonium salt was consumed in the presence of Li2CO3.
This further suggests that Li2CO3 could potentially prevent the diazonium salt from decomposition to
the aryl radical. Encouraged by this result, we evaluated the proposed cyclization–arylation under
various conditions, including the choices of catalysts, solvents, bases, and reaction temperatures.
Eventually, 7.5% PPh3AuCl, 5 eq. Li2CO3 in CH3CN as a solvent was identified as the optimal
conditions, giving the desired product 2a in 78% NMR yield (74% isolated yield). Comparison of
various reaction conditions is summarized in Table 2.
11

Table 2: Condition optimization

Reaction conditions varies from standarda

convn 1a

yieldb 2a

1

None

100%

78%

2

No [Au]

0%

-

3

No [ArN2][BF4]

18%

-

4

No Base

100%

trace

5

NaHCO3 2 eq.

95%

58%

6

Li2CO3 2 eq.

100%

74%

7

5 % PPh3AuCl

90%

51%

8

5 eq. [ArN2][BF4]

100%

65%

9c

No [Au], UVA or Blue LED, degassed MeOH

100%

0%

10c

10% PPh3AuCl, degassed MeOH, blue LED,
RT

100%

<5%

11c

10% PPh3AuCl, 2.5% [Ru(bpy)3](PF6)2
degassed MeOH, blue LED, RT

100%

<5%

12c

Same as entry 10 except in CH3CN

100%

Trace

13c

Same as entry 11 except in CH3CN

100%

trace

Entry

As shown above, the gold catalyst was found to be crucial for the allylic oxime cyclization since
no conversion of the substrate was observed without gold (entry 2). Conducting the reaction in the
absence of a base gave complete conversion with no appreciable amount of the desired product.
12

Li2CO3 (5 eq.) was identified as the optimal choice for this transformation (entries 5 and 6). Notably,
although crude 1H NMR of the reaction mixture indicated a very ‘clean’ reaction, the overall yield was
around 75%. Meanwhile, the addition of excess diazonium salt was found to lead to lower yield (entry
9). Also, acetonitrile was the only solvent suitable for this transformation; switching to other solvents
like 1,2-dichloroethane or toluene gave no desired product. This is due to the poor solubility of the
diazonium salt in these solvents, even at increased temperature. To emphasize the uniqueness of our
chemical activation method, photochemical conditions were used for the cyclization in the presence of
diazonium salt. The substrate readily decomposed in the presence of diazonium salts under this method.
The standard photoactivation conditions using gold and [Ru(bpy)3](PF6)2 in degassed methanol did not
provide a significant amount of desired isoxazoline as confirmed by 1H NMR analysis of the crude
reaction mixture21. This result suggests that the photoactivation condition is unsuitable for the oxime
substrates in the presence of diazonium salt. With the optimal reaction conditions in hand, we applied it
to a series of allylic oximes.

13

Figure 11: Substrate scope for oxime cyclization

As shown in Table 3, both aromatic and aliphatic substrates were evaluated for the reaction.
Good yields and high reaction efficiency could be observed when aryl groups were used (2a–2j). The
presence of electron withdrawing groups appeared to be more favorable with respect to the isolated
yield (2e–2g). Also, the naphthyl group afforded a good yield (2i). In the case of electron donating
substituent 2h, a modest yield was achieved. Compared to 2j, the more sterically hindered 2b provided
a lower yield, suggesting that sterics played a role. However, the aliphatic substrate gave a much lower
14

yield for this reaction (2k). Also, the homoallylic oxime was found to be viable for this reaction giving
a good yield of 5,6-dihydro-4H-1,2-oxazine derivative (2l). This is a significant step towards broadening
the scope of this reaction; because oxazines are also known to be a highly desirable class of heterocycles.
The 7 or 8 membered-ring analogs could not be observed under the reported reaction conditions.
Furthermore, a series of diazonium salts were investigated (Table 3); electron poor aryl
diazonium salts could also be enlisted, giving the desired products in high yields (4a–h). The iodosubstituted diazonium salt 4e was also successfully applied with modest yield. This result highlights the
orthogonal reactivity under gold catalysis, compared with previously reported Pd catalysis conditions.
However, electron rich diazonium salts failed to give the desired product due to the instability of the
diazonium species.

Figure 12: Substrate scope for different diazonium salts
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1.7.1 Isoxazoline Reactivity and Derivatization

Although the substituted isoxazolines are in themselves useful compounds, we carried out their
reduction to the corresponding hydroxyl ketones (Figure 11a). Isoxazoline 2a was subjected to
reductive N–O bond cleavage followed by subsequent hydrolysis of the resulting imine. This reductive
ring opening was achieved with up to 82% yield. To further demonstrate the synthetic utility, we
synthesized the p-iodo substituted aromatic substrate 6, which was further subjected to our reaction
conditions. The desired isoxazoline 7 was obtained with 72% yield (Figure 11b). Notably, when
treating 6 under previously reported Pd-catalyzed conditions, no desired product was observed with
100% conversion. The fast oxidative addition of the C–I bond led to the side reaction pathway. This
result clearly indicated the orthogonal catalytic reactivity between Pd and Au. The following
Sonogashira reaction of 7 afforded alkyne substituted aromatic isoxazoline 8, allowing an extended
synthetic handle.

Figure 13: Synthetic applications of 2-isoxazoline
16

1.7.2 Conclusion

Gold-redox chemistry has been applied for the cyclization/functionalization of allylic
oximes in the presence of aryl diazonium salts. Inorganic bases like Li2CO3 have been found to be
crucial for diazonium salts activation at low temperatures. This transformation gives access to aryl
functionalized 2-isoxazolines in good to excellent yields while the photoactivation conditiondoes
not provide the desired 2-isoxazoline product under any circumstance. Moreover, we believe that
the apparent compatibility of Au redox chemistry with oximes will provide an alternate route
towards the synthesis of isoxazoline derivatives.

1.8 Experimental Section

All commercial reagents and solvents were obtained from the commercial provider and
used without further purification. Analytical thin layer chromatography was performed with precoated, glass-baked plates (250µ) and visualized by fluorescence or charring with potassium
permanganate stain. Flash column chromatography was performed on 230 - 430 mesh silica gel.
1

H NMR, 13C NMR, and 19F NMR spectra were recorded on Agilent 400 MHz. Chemical shifts

were reported relative to internal tetramethylsilane (δ 0.00 ppm) or CDCl3 (δ 7.26 ppm) for 1H,
CDCl3 (δ 77.0 ppm) for 13C. Data are presented as follows: chemical shift (ppm), multiplicity (s =
singlet, d = doublet, t =triplet, dd = doublet of doublets, m = multiplet, br = broad), coupling
constant J (Hz) and integration. HRMS were recorded on Agilent 6540 LC/QTOF spectrometer.

17

1.8.1 General Procedure for the synthesis of Allyl-oximes 1a- 1n
They were synthesized according to literature procedure1, 2.

Zinc dust (229 mg, 3.50 mmol) was slowly added to a solution of allylbromide (423 mg,
3.50 mmol) in anhydrous THF (2 mL). The aldehyde (1.00 mmol) was dissolved in anhydrous
THF (2 mL) and was added to the stirring solution. The resulting suspension was stirred
(sonication was used for a much faster reaction) overnight at room temperature. The reaction was
quenched with NH4Cl (aq.) carefully at 0oC, filtered and extracted with ethyl acetate (3 x 10 mL).
The combined organic layers were washed with brine (10 mL), dried over MgSO4, filtered and
concentrated in vacuo.
The crude homoallylic alcohol product was dissolved in dichloromethane (5 mL) and the
solution was stirred at 0 oC. Pyridinium chlorochromate (1.75 mL, 3.50 mmol) was added slowly.
The resulting suspension was stirred for 1 h at room temperature. The reaction was diluted with
H2O (5 mL) and extracted with ethyl acetate (2 x 10 mL). The combined organic layers were
washed with brine (1 x 10 mL), dried over MgSO4, filtered and concentrated in vacuo. The crude
mixture was used in the next step without further purification.
A flask was charged with a solution of hydroxylamine hydrochloride (347 mg, 5.00 mmol)
in ethanol (3 mL). Sodium acetate (595 mg, 7.00 mmol) was dissolved in water (3 mL) and the
solution was added to the flask. The crude ketone was dissolved in ethanol (3 mL) and added to
the solution. The resulting suspension was stirred until the reaction was shown to be complete by
18

TLC (about 6 hrs). The reaction was concentrated in vacuo and extracted with ethyl acetate (3 x
15 mL). The organic layers were dried over MgSO4, filtered and concentrated in vacuo. The crude
product was purified by column chromatography eluting with hexane: acetate (90:10).
1.8.2 General Procedure for the Synthesis of arenediazonium tetrafluoroborates
All diazonium salts were prepared according to literature procedure3.

In a 25 mL round-bottom flask, the aniline (5.0 mmol) was dissolved in a mixture of H2O
(1 mL) and an aqueous solution of HBF4 (50%, 1.9 mL). The mixture was cooled at 0 °C with an
ice bath and an solution of NaNO2 (0.68 g, in 1 mL H2O) was added dropwise. The reaction was
stirred at 0 °C for 30 min. The arenediazonium tetrafluoroborate was removed by filtration, washed
successively with a small amount ice water, alcohol, and diethyl ether. The arenediazonium
tetrafluoroborate was dried in vacuo (10-3 mbar) for 10 minutes and was then directly used without
further purification.
1.8.3 General Procedure for Gold Catalyzed Cyclization/Arylation of Allylic Oximes

In a 5 ml vial, to a solution of oxime 1a (0.33 mmol) in 0.83 ml acetonitrile (0.4 M), gold
catalyst (12 mg, 7.5%), diazonium salt (0.66 mmol) and lithium carbonate (122 mg, 5 mmol) was
added respectively. The resulting mixture was stirred at 60 oC for 3 hours. After that, the reaction
19

mixture was directly loaded on column chromatography on silica gel for purification by
hexane/ethyl acetate (20:1) as solvent to isolate the desired product.
1.8.4 Procedure for Isoxazoline Ring Opening

Fe powder (112 mg, 2 mmol, 10 equiv) was added to isoxazoline 2a (51 mg, 0.2mmol) and
NH4Cl (107 mg, 2 mmol, 10 equiv) in ethanol and water (1:1, 10mL). The mixture was stirred at
80 oC. After the reaction was completed by TLC monitoring, the reaction mixture was cooled to
room temperature, diluted with ethyl acetate, and filtered. The filtrate was washed with brine and
the organic layer was separated, dried over Na2SO4, and evaporated in vacuo. The residue was
then purified by flash chromatography on silica gel to give product 5 in 82% yield.
1.8.5 Procedure for Palladium-catalyzed cross-coupling of Isoxazoline.

A vial was charged with Pd(PPh3)2Cl2 (5.47 mg, 0.0078 mmol, 0.03 equiv) and copper
iodide (2.95 mg, 0.0156 mmol, 0.06 equiv). To this were added THF (1.5 mL) and triethylamine
(0.145 mL, 1.04 mmol, 4 equiv) via syringe.5-(4-fluorobenzyl)-3-(4-iodophenyl)-4,5dihydroisoxazole (6) (100 mg, 0.26 mmol, 1 equiv) was then introduced, and the resulting solution
was carefully sparged with nitrogen for 10 min. Ethynyltrimethylsilane (0.072 mL, 0.52 mmol, 2
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equiv) was then added via syringe, and the resulting brown-black solution was stirred for 45 min.
The mixture was partitioned between water and EtOAc and the organic layer collected and then
dried over anhydrous MgSO4, filtered, and concentrated. The product was purified by column
chromatography on silica gel eluting with hexanes then 5% EtOAc in hexanes to afford the
compound
1.8.6 X-Ray Crystallographic Data
The X-ray diffraction data were measured on Bruker D8 Venture PHOTON 100 CMOS
diffractometer equipped with a Cu Kα INCOATEC ImuS micro-focus source (λ = 1.54178 Å).
Indexing was performed using Apex3 [1]. Data integration and reduction were performed using
Saint [2]. Absorption correction was performed by multi-scan method implemented in SADABS
[3]. Space group was determined using XPREP implemented in APEX3 [1]. Structure was solved
using SHELXT [4] and refined using SHELXL-2018 [5-7] (full-matrix least-squares on F2) within
OLEX2 interface program [8]. All non-hydrogen atoms were refined anisotropically. All hydrogen
atoms were placed in geometrically calculated positions and were included in the refinement
process using riding model with isotropic thermal parameters. Crystal data and refinement
conditions are shown in Table 1. The crystal is a racemic mixture that crystallized in noncentrosymmetric space group. Opposite enantiomers occupy positions across pseudo-inversion
center and also share the same site. This leads to observed disorder. Occupancy of disordered parts
was refined using free variables (FVAR) in Shelxl and disordered parts of molecules were refined
using restraints. Although the average structure could be solved in P21/m centrosymmetric space
group, the resulting R-factor is very high (40%) and high residual peaks are observed.
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X-Ray Diffraction Analysis of Compound 2i(CCDC 1882657)
Table 1 Crystal data and structure refinement for AAJ_2055.
Identification code

AAJ_2055

Empirical formula

C20H16FNO

Formula weight

305.34

Temperature/K

100

Crystal system

monoclinic

Space group

P21

a/Å

5.84790(10)

b/Å

14.8989(4)

c/Å

17.0994(4)

α/°

90

β/°

95.9410(10)

γ/°

90

Volume/Å3

1481.82(6)

Z

4

ρcalcg/cm3

1.369

μ/mm-1

0.751

F(000)

640.0
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1.8.7 Compounds Characterization

1H

NMR (400MHz, CDCl3): δ 7.62 (dd, 2H), 7.38 (dd, 3H), 7.22 (t, 2H), 7.01 (t, 2H), 4.94 (m,

1H), 3.31(m, 1H), 3.05 (dd, 2H), 2.86 (dd, 1H).

13C

NMR (101 MHz, CDCl3): δ 161.8 (d, J =

245.4 Hz), 156.4, 132.6 (d, J = 3.0 Hz), 130.8 (d, J = 8.1 Hz), 130.0, 129.6, 128.7, 126.6, 115.4
(d, J = 21.2 Hz), 81.6, 40.2, 38.3. 19F NMR (376 MHz, CDCl3) δ -116.3
HRMS exact mass calcd for [M+H]+ C16H15FNO+ requires 256.1132, found 256.1131.
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1H

NMR (400 MHz, CDCl3) δ 7.26 – 7.21 (m, 6H), 6.99 (t, J = 8.6 Hz, 2H), 4.94 – 4.89 (m, 1H),

3.38 (dd, J = 16.5, 10.2 Hz, 1H), 3.13 – 2.97 (m, 2H), 2.90 (dd, J = 14.1, 6.2 Hz, 1H), 2.51 (s, 3H).
13C

NMR (101 MHz, CDCl3) δ 161.8 (d, J = 244.4 Hz), 157.3, 137.9, 132.6, 131.5, 130.9 (d, J =

7.1 Hz), 129.3, 128.7, 125.7, 115.4 (d, J = 21.2 Hz), 80.5, 41.9, 40.0, 22.8. 19F NMR (376 MHz,
CDCl3) δ -116.4
HRMS exact mass calcd for [M+H]+ C17H17FNO+ requires 270.1289, found 270.1286

1H

NMR (400 MHz, CDCl3) δ 7.71 (d, J = 8.2 Hz, 2H), 7.63 – 7.53 (m, 4H), 7.44 (t, J = 7.5 Hz,

2H), 7.36 (t, J = 7.2 Hz, 1H), 7.23 (dd, J = 8.5, 4.7 Hz, 2H), 7.00 (t, J = 8.6 Hz, 2H), 5.02 – 4.94
(m, 1H), 3.42 – 3.34 (dd, J = 16.5, 10.3 Hz, 1H), 3.11 – 3.03 (m, 2H), 2.90 (dd, J = 14.0, 6.5 Hz,
1H ).13C NMR (101 MHz, CDCl3) δ 161.8 (d, J = 246.4 Hz), 156.2, 142.8, 140.1, 132.6, 130.9 (d,
J = 8.1 Hz), 128.9, 128.4, 127.8, 127.6, 127.3, 127.0 (d, J = 3.0 Hz), 115.4 (d, J = 21.2 Hz), 81.7,
40.2, 39.4.19F NMR (376 MHz, CDCl3) δ -116.2
HRMS exact mass calcd for [M+H]+ C22H19FNO+ requires m/z 332.1445, found m/z 332.1448
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1H

NMR (400 MHz, CDCl3) δ 7.45 (s, 1H), 7.40 (d, J = 7.5 Hz, 1H), 7.30 – 7.14 (m, 4H), 6.99

(t, J = 8.5 Hz, 2H), 5.02 – 4.79 (m, 1H), 3.31 (dd, J = 16.5, 10.3 Hz, 1H), 3.04 (ddd, J = 24.3,
15.3, 7.0 Hz, 1H), 2.87 (dd, J = 14.0, 6.5 Hz, 1H), 2.35 (s, 3H). 13C NMR (101 MHz, CDCl3) δ
161.8 (d, J = 246.4 Hz), 156.5, 138.4, 132.6 (d, J = 3.0 Hz), 130.9, 130.8 (d, J = 7.1 Hz), 129.4,
128.5, 127.2, 123.8, 115.4 (d, J = 21.2 Hz), 81.6, 40.2, 39.4, 21.3. 19F NMR (376 MHz, CDCl3)
δ -116.3
HRMS exact mass calcd for [M+H]+ C17H17FNO+ requires m/z 270.1289, found m/z 270.1289

1H

NMR (400 MHz, CDCl3) δ 7.64 (dd, J = 6.5, 3.0 Hz, 2H), 7.47 – 7.33 (m, 2H), 7.24 (dd, J =

9.1, 6.3 Hz, 2H), 7.00 (t, J = 8.6 Hz, 2H), 4.96 (dq, J = 10.2, 6.6 Hz, 1H), 3.34 (dd, J = 16.6, 10.3
Hz, 1H), 3.06 (ddd, J = 24.3, 15.3, 7.1 Hz, 1H), 2.90 (dd, J = 14.1, 6.5 Hz, 1H). 13C NMR (101
MHz, CDCl3) δ 161.8 (d, J = 245.4 Hz), 155.6, 132.4 (d, J = 3.0 Hz), 131.9, 130.8 (d, J = 8.1 Hz),
128.5, 128.0, 124.3, 115.4 (d, J = 21.2 Hz), 81.9, 40.1, 39.1. 19F NMR (376 MHz, CDCl3) δ -116.1
HRMS exact mass calcd forb[M+H]+ C16H14BrFNO+ requires m/z 334.0237, found m/z 334.0234
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1H

NMR (400 MHz, CDCl3) δ 7.56 (d, J = 8.5 Hz, 2H), 7.34 (d, J = 8.5 Hz, 2H), 7.26 – 7.15 (m,

2H), 6.98 (t, J = 8.6 Hz, 2H), 5.13 – 4.80 (m, 1H), 3.29 (dd, J = 16.5, 10.3 Hz, 1H), 3.06 (dt, J =
18.1, 9.1 Hz, 1H), 2.97 (dd, J = 16.5, 7.9 Hz, 1H), 2.88 (dd, J = 14.1, 6.4 Hz, 1H). 13C NMR (101
MHz, CDCl3) δ 161.8 (d, J = 245.4 Hz), 155.5, 135.9, 132.4 (d, J = 3.0 Hz), 130.8 (d, J = 8.1 Hz),
128.9, 128.1, 127.8, 115.4 (d, J = 21.2 Hz), 81.9, 40.1, 39.2. 19F NMR (376 MHz, CDCl3) δ -116.2
HRMS exact mass calcd for [M+H]+ C16H14ClFNO+ requires m/z 290.0742, found m/z 290.0744

1H

NMR (400 MHz, CDCl3) δ 7.61 – 7.57 (m, 2H), 7.22 (m, 2H), 7.21 – 7.03 (m, 4H), 4.94 (ddt,

J = 10.3, 7.9, 6.4 Hz, 1H), 3.29 (dd, J = 16.5, 10.3 Hz, 1H), 3.14 – 2.92 (m, 2H), 2.87 (dd, J =
14.1, 6.5 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 163.7 (d, J = 252.5 Hz), 161.8 (d, J = 245.4
Hz), 155.4, 132.5, 130.8, 128.4, 125.8 (d, J = 2.0 Hz), 115.7 (d, J = 21.2 Hz), 115.5 (d, J = 21.2
Hz), 81.7, 40.1, 39.4. 19F NMR (376 MHz, CDCl3) δ -110.0, -116.2.
HRMS exact mass calcd for [M+H]+ C16H14F2NO+ requires m/z 274.1038, found m/z 274.1034.
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1H

NMR (400 MHz, CDCl3) δ 7.55 (d, 2H), 7.23 (t, 2H), 7.01 (m, 2H), 6.90 (m, 2H), 4.92 (t, J =

8.2 Hz, 1H), 3.81 (s, 3H), 3.31 (dd, J = 16.2, 10.9 Hz, 1H), 3.12 – 2.95 (m, 2H), 2.88 (dd, J = 14.5,
5.9 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 161.8 (d, J = 245.4 Hz), 161.0, 156.0, 132.7 (d, J =
3.0 Hz), 130.9, 128.1 (d, J = 10.0 Hz), 122.1, 115.4 (d, J = 21.2 Hz), 114.1, 81.4 (d, J = 15.0 Hz).
55.3, 40.2, 39.6. 19F NMR (376 MHz, CDCl3) δ -116.3
HRMS exact mass calcd for [M+H]+ C17H17FNO2+ requires m/z 286.1238, found m/z 286.1236.

1H

NMR (400 MHz, CDCl3) δ 7.96 – 7.77 (m, 2H), 7.58 (t, J = 7.4 Hz, 1H), 7.46 (t, J = 7.7 Hz,

2H), 7.32 – 7.16 (m, 3H), 7.00 (t, J = 8.7 Hz, 3H), 4.45 (ddd, J = 10.5, 8.9, 3.3 Hz, 1H), 3.11 (qd,
J = 17.6, 5.8 Hz, 2H), 2.98 – 2.85 (m, 1H), 2.83 (dd, J = 13.8, 6.0 Hz, 1H). 13C NMR (101 MHz,
CDCl3) δ 161.8 (d, J = 246.4 Hz), 156.6, 134.0, 132.9, 132.6 (d, J = 2.0 Hz), 130.9 (d, J = 8.1 Hz),
128.5, 128.3, 127.9, 127.2, 127.1, 126.8, 126.7, 123.5, 115.4 (d, J = 21.2 Hz), 81.9, 40.2, 39.3. 19F
NMR (376 MHz, CDCl3) δ -116.7
HRMS exact mass calcd for [M+H]+ C20H17FNO+ requires m/z 306.1289, found m/z 306.1295
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1H

NMR (400 MHz, CDCl3) δ 7.52 (dd, J = 31.4, 12.0 Hz, 2H), 7.24 – 7.17 (m, 4H), 6.99 (m,

2H), 4.92 (m, 1H), 3.31 (dd, J = 16.6, 10.3 Hz, 1H), 3.13 – 2.93 (m, 2H), 2.87 (dd, J = 14.0, 6.5
Hz, 1H), 2.36 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 161.8 (d, J = 246.4 Hz), 156.4, 140.3, 132.6,
130.8 (d, J = 3.0 Hz), 129.3, 126.5, 125.6, 115.4 (d, J = 21.2 Hz), 81.5, 40.2, 39.5, 21.5.

19F

NMR

(376 MHz, CDCl3) δ -116.4
HRMS exact mass calcd for [M+H]+ C17H17FNO+ requires m/z 270.1289, found m/z 270.1288.

1H

NMR (400 MHz, CDCl3) δ 7.17 (dd, J = 8.4, 5.4 Hz, 2H), 6.98 (t, J = 8.7 Hz, 2H), 4.73 (dd, J

= 10.1, 6.7 Hz, 1H), 2.91 – 2.79 (dd, J = 15.0, 5.8 Hz, 3H), 2.78 (m, 1H), 2.34 (dd, J = 16.8, 7.2
Hz, 1H), 1.83 – 1.58 (m, 5H), 1.28 – 1.17 (m, 5H). 13C NMR (101 MHz, CDCl3) δ 161.8 (d, J =
245.4 Hz), 162.6, 132.8 (d, J = 3.0 Hz), 130.7 (d, J = 7.1 Hz), 115.2 (d, J = 21.2 Hz), 79.9, 79.8,
40.0, 39.5, 37.2, 30.3, 25.8, 25.7. 19F NMR (376 MHz, CDCl3) δ -116.6
HRMS exact mass calcd for [M+H]+ C16H21FNO+ requires m/z 262.1602, found m/z 262.1598.
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1H

NMR (400MHz, CDCl3): δ 7.66 (dd, 2H), 7.36 (t, 3H), 7.22 (t, 2H), 6.98 (t, 2H), 3.94 (m, 1H),

3.05 (m, 1H), 2.84 (dd, 1H), 2.60 (m, 2H), 2.01(m, 1H) 1.75 m, 1H). 13C NMR (400 MHz, CDCl3):
δ 161.7 (d, J = 245.4 Hz), 156.6, 135.7, 132.8 (d, J = 3.0 Hz), 131.0 (d, J = 8.1 Hz), 129.5, 128.4,
125.3, 115.2 (d, J = 21.2 Hz), 75.7, 39.6, 23.8, 21.9. 19F NMR (400 MHz, CDCl3): δ -116.7
HRMS exact mass calcd for [M+H]+ C17H17FNO+ requires m/z 270.1289, found m/z 270.1288

1H

NMR (400 MHz, CDCl3) δ 7.60 – 7.48 (m, 2H), 7.40 – 7.30 (m, 3H), 7.26 – 7.16 (m, 3H), 7.02

– 6.81 (m, 2H), 3.14 (d, J = 16.5 Hz, 1H), 3.00 – 2.89 (m, 3H), 1.40 (s, 3H). 13C NMR (101 MHz,
CDCl3) δ 161.9 (d, J = 245.4 Hz), 156.4, 132.3 (d, J = 2.0 Hz), 131.8 (d, J = 8.1 Hz), 129.8, 128.6,
126.4, 115.0 (d, J = 21.2 Hz), 87.1, 44.8, 44.5, 36.6, 25.8. 19F NMR (376 MHz, CDCl3) δ -116.40
HRMS exact mass calcd for [M+H]+ C17H17FNO+ requires m/z 270.1289, found m/z 270.1289.
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1H

NMR (400 MHz, CDCl3) δ 7.61 (m, 2H), 7.37 (dd, J = 5.2, 2.0 Hz, 3H), 7.31 – 7.17 (m, 5H),

4.93 (ddt, J = 10.3, 7.8, 6.5 Hz, 1H), 3.32 (dd, J = 16.6, 10.3 Hz, 1H), 3.17 – 2.94 (m, 2H), 2.85
(dd, J = 14.0, 6.5 Hz, 1H).

13C

NMR (101 MHz, CDCl3) δ 156.5, 140.8, 139.7, 136.0, 130.0,

129.8, 128.7, 127.4, 126.7, 81.8, 40.7, 39.5
HRMS exact mass calcd for [M+H]+ C16H15ClNO+ requires m/z 272.0837, found m/z 272.0838.

1H

NMR (400 MHz, CDCl3) δ 7.64 (dd, J = 6.7, 3.0 Hz, 2H), 7.55 (dd, J = 9.9, 7.7 Hz, 4H), 7.48

– 7.27 (m, 8H), 5.02 (dq, J = 10.1, 7.0 Hz, 1H), 3.35 (dd, J = 16.5, 10.2 Hz, 1H), 3.24 – 3.17 (m,
1H), 3.08 (m, 1H), 2.93 (dd, J = 13.9, 7.1 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 156.4, 135.4,
132.7, 130.7, 130.1, 129.5, 128.7, 128.7, 126.6, 81.4, 40.3, 39.4
HRMS exact mass calcd for [M+H]+ C22H20NO+ requires m/z 314.1539, found m/z 314.1539.
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1H

NMR (400 MHz, CDCl3) 7.63 (m, 2H), 7.45-7.39 (dd, J = 19.4, 6.5 Hz, 5H), 7.15 (d, J = 8.1

Hz, 2H), 4.96 (dq, J = 14.1, 6.9 Hz, 1H), 3.35 (dd, J = 16.5, 10.3 Hz, 1H), 3.22 – 2.94 (m, 2H),
2.87 (dd, J = 14.0, 6.4 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 156.4, 135.9, 131.7, 131.1,
130.1, 129.5, 128.7, 126.6, 120.7, 81.4, 40.4, 39.4.
HRMS exact mass calcd for [M+H]+ C16H15BrNO+ requires m/z 316.0332 found m/z 316.0332.

1H

NMR (400 MHz, CDCl3) δ 7.97 (d, J = 8.0 Hz, 2H), 7.60 (dd, J = 6.8, 2.9 Hz, 2H), 7.43 – 7.31

(m, 5H), 5.01 (dq, J = 10.3, 6.9 Hz, 1H), 3.88 (s, 1H), 3.34 (dd, J = 16.6, 10.3 Hz, 1H), 3.17 – 3.13
(m, 1H), 3.04 - 2.92 (dd, J = 14.0, 6.4 Hz, 2H).
13C

NMR (101 MHz, CDCl3) δ 166.9, 156.5, 142.3, 130.1, 129.9, 129.4, 129.3, 128.9, 128.7,

126.6, 81.2, 52.1, 41.0, 39.5.
HRMS exact mass calcd for [M+H]+ C18H18NO3+ requires m/z 296.1281, found m/z 296.1284
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1H

NMR (400 MHz, CDCl3) δ 7.62 (d, J = 7.8 Hz, 4H), 7.38 (s, 3H), 7.01 (d, J = 7.7 Hz, 2H),

5.03 – 4.84 (m, 1H), 3.33 (dd, J = 16.5, 10.3 Hz, 1H), 3.14 – 2.92 (m, 2H), 2.84 (dd, J = 14.0, 6.4
Hz, 1H).13C NMR (101 MHz, CDCl3) δ 156.4, 137.6, 136.6, 131.4, 130.1, 129.5, 128.7, 126.6,
92.2, 81.4, 40.5, 39.4.
HRMS exact mass calcd for [M+H]+ C16H15INO+ requires m/z 364.0193, found m/z 364.0196

1H

NMR (400 MHz, CDCl3) δ 7.64 (dd, J = 6.7, 3.0 Hz, 2H), 7.50 – 7.33 (m, 5H), 6.92 (d, J = 8.5

Hz, 1H), 4.94 (dt, J = 8.4, 6.1 Hz, 1H), 4.10 (q, 2H), 3.36 (dd, J = 16.5, 10.2 Hz, 1H), 3.16 – 2.97
(m, 2H), 2.86 (dd, J = 14.2, 6.1 Hz, 1H), 1.41 (t, 3H). 13C NMR (101 MHz, CDCl3) δ 156.5, 155.8,
134.1, 130.1, 129.5, 128.7, 128.5, 127.8 (q, J = 5.0 Hz), 126.6, 123.6 (q, J = 272.7 Hz), 119.0 (q,
J = 30.3 Hz), 113.3, 81.6, 64.6, 40.0, 39.4, 14.6.

19F

NMR (376 MHz, CDCl3) δ -62.4.

HRMS exact mass calcd for [M+H]+ C19H19F3NO2+ requires m/z 350.1362, found m/z 350.1363
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1H

NMR (400 MHz, CDCl3) δ 7.64 – 7.57 (m, 4H), 7.40 (dd, J = 4.5, 2.8 Hz, 5H), 4.99 (dq, J =

10.0, 6.9 Hz, 1H), 3.38 (dd, J = 16.5, 10.3 Hz, 1H), 3.17 (dd, J = 14.0, 6.8 Hz, 1H), 3.07 – 2.84
(m, 2H). 13C NMR (101 MHz, CDCl3) δ 156.5, 141.1, 130.1, 129.7, 129.4 (q, J = 32.3 Hz), 128.7,
126.6, 125.5 (q, J = 3.0 Hz), 121.5 (q, J = 272.7 Hz), 81.2, 40.8, 39.6. 19F NMR (376 MHz, CDCl3)
δ -62.5
HRMS exact mass calcd for [M+H]+ C17H15F3NO+ requires m/z 306.1100 found m/z 306.1113

1H

NMR (400 MHz, CDCl3) 7.64 (dd, J = 6.2, 2.7 Hz, 2H), 7.40 (m, 3H), 7.18 – 7.03 (m, 2H),

7.03 – 6.91 (m, 1H), 4.95 (dq, J = 10.2, 6.9 Hz, 1H), 3.38 (dd, J = 16.6, 10.3 Hz, 1H), 3.10 –
2.97 (m, 2H), 2.89 (dd, J = 14.2, 5.9 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 156.4, 151.0 (dd, J
= 304.6, 48.9 Hz), 148.5 (dd, J = 300.8, 48.9 Hz), 133.9 (dd, J = 18.8, 18.8 Hz), 130.1, 129.4,
128.9, 126.6, 125.3 (dd, J = 18.8, 18.8 Hz), 118.2 (d, J = 63.9 Hz), 117.2 (d, J = 63.9 Hz), 81.2,
40.1, 39.4. 19F NMR (376 MHz, CDCl3) δ -137.7, -140.8 (m, J3F-F = 18.8 Hz)
HRMS exact mass calcd for [M+H]+ C16H14F2NO+ requires m/z 274.1038, found 274.1045
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1H

NMR (400 MHz, CDCl3) δ 7.9 (d, J = 7.7 Hz, 2H), 7.59 (dt, J = 48.2, 7.5 Hz, 1H), 7.56 – 7.46

(m, 2H), 7.44 – 7.26 (m, 2H), 7.22 - 6.98 (t, J = 8.5 Hz, 2H), 4.45 (t, J = 7.7 Hz, 1H), 3.18– 3.03
(m, 2 H), 2.95 – 2.80 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 200.4, 161.7 (d, J = 245.4 Hz),
136.6, 133.7 (d, J = 3.0 Hz), 133.6, 130.8 (d, J = 8.1 Hz), 128.7, 128.0, 115.3 (d, J = 21.2 Hz),
68.8, 44.0, 42.0. 19F NMR (376 MHz, CDCl3) δ -116.7
HRMS exact mass calcd for [M+H]+ C16H16FO2+ requires m/z 259.1129, found 259.1128

1H

NMR (400 MHz, CDCl3) δ 7.72 (m, 2H), 7.35 (m, 2H), 7.22 (dt, J = 16.9, 9.4 Hz, 2H), 7.0

(m, 2H), 4.99 – 4.93 (m, 1H), 3.33 – 3.16 (m, 1H), 3.08 (dt, J = 15.1, 7.5 Hz, 1H), 2.99 – 2.82
(ddd, J = 20.5, 15.3, 7.1 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 161.8 (d, J = 246.4 Hz), 155.7,
137.8, 132.4 (d, J = 2.0 Hz), 130.8 (d, J = 8.1 Hz), 129.0, 128.1, 115.4 (d, J = 21.2 Hz), 96.2,
82.0, 40.1, 39.0. 19F NMR (376 MHz, CDCl3) δ -116.3
HRMS exact mass calcd for M+H]+ C16H14FINO+ requires m/z 382.0099, found m/z 382.0106
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1H

NMR (400 MHz, CDCl3) δ 7.55 (dd, 2H), 7.46 (m, 2H), 7.24 (m, 2H), 7.00 (m, 2H), 4.96 (m,

1H), 3.34 – 3.28 (m, 1H), 3.08 (dd, 1H), 2.98 (dd, 1H), 2.88 (dd, 1H), 0.25 (s, 9H). 13C NMR
(101 MHz, CDCl3) δ 161.9 (d, J = 246.4 Hz), 155.9, 132.4, 132.2, 130.8 (d, J = 7.1 Hz), 129.4,
126.3, 124.7, 115.4 (d, J = 21.2 Hz), 104.4, 96.4, 81.9 (d, J = 10.0 Hz), 40.2, 39.1, -0.1. 19F
NMR (376 MHz, CDCl3) δ -116.2
HRMS exact mass calcd for C21H23FNOSi+ requires m/z 352.1527, found m/z 352.1538
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Chapter 2: Gold Catalyzed Cyclopropanol Ring Opening

2.1 Reactivity of Cyclopropanol

Cyclopropanols, readily available from the Simmons-Smith reaction or the Kulinkovich
protocol, are susceptible to various ring expansion and ring opening reactions due to the intrinsic
strain in their three-membered ring system. Cyclopropanol ring-opening cross-coupling reactions
promoted by various transition metal catalysts or by single-electron transferring (SET) oxidants
have been widely utilized to synthesize a variety of β-substituted ketone products.22,23 Some of
these β-substituted ketones are embedded in complex natural products and vital drug. In general,
these processes go through either a metallo-homoenolate or a β-alkyl radical intermediate making
it possible to install aryl, alkyl, alkynyl, alkenyl, acyl, halogen, nitrile, azide, amine, and other
substituents at the β-carbon. In these ring opening cross coupling processes, transition metal such
as palladium promoted β-H elimination of the metallo-homoenolate and over-oxidation of the βalkyl radical intermediate are two serious competing reaction pathways that can result in the
formation of α,β-unsaturated enone byproducts.24 Many efforts have been invested to avoid these
side reaction pathways and prevent the formation of the enone byproducts. For example, various
ligands have been used to suppress the β-H elimination process in palladium-catalyzed
cyclopropanol ring opening cross 22
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Figure 14: Transition metal catalyzed cyclopropanol ring opening
As a result of continuous understanding and success of gold redox catalysis.

It is

imperative to find new avenues toward which the scope of this new reactivity can be further
broadened. Cyclopropanols have been known to be very important and reactive class of organic
compounds that can be transformed into more functional compounds. In the Au catalyzed
oxidative couplings, formation of a Au-C bond has been identified as a key step where next it can
undergo reductive elimination to afford the new C-C or C-X bonds. These strategies have provided
a unique but very limited method for functionalizing alkenes, alkynes and allenes. Hence, this
study will be the first reported case of Au-enabled cyclopropanol ring activation.
.

2.2 Research Objectives

We envisioned that the highly strained cyclopropanol ring would to undergo a ring opening
which results in the formation of a C-Au bond. The C-Au of Au (III) species would in turn undergo a
reductive elimination to generate the β-substituted ketone. This being true will further improve the
applicability of gold catalysis in terms of substrate diversity.

Figure 15: Proposed gold catalyzed ring opening
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2.3 Optimization of Reaction Conditions

Our group has recently developed a base-assisted diazonium activation in order to oxidize
Au(I) to Au (III) in some oxidative coupling reactions. To commence this project, it is important
to know if simple gold (I) catalysts like PPh3AuCl or PPh3AuNtf2 can open cyclopropanol rings.

Figure 16: Comparing similar Au-catalyzed cyclopropanol reaction

For this purpose, cyclopropanols were synthesized by Kulinkovich reaction and subject to
several catalytic reactions. PPh3AuCl did not show any conversion of the starting material whereas
cationic gold PPh3AuNTf2 opened the cyclopropanol ring in very high efficiency to generate the
protodeauration product- β-substituted ketone.
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Encouraged with these initial results, we began screening the reaction condition. As shown
in the next Table 5, no conversion of cyclopropanol 1 was observed without gold (entry 1), which
confirmed the crucial role of the gold catalyst for this transformation. Also, without base the
reaction only gave protodeauration product 3 (entry3). Using PPh3AuCl and sodium bicarbonate
as base, product 3 was produced, although the major product was the product 2 (entry 4). Screening
the base in this reaction revealed lithium carbonate as the best for this reaction.

Table 3: Optimization for ring opening

Screening the gold catalyst revealed that cationic gold PPh3AuNTf2 form 55% of the
undesired hydration product (entry 5). Screening the primary ligand on gold showed that electron
deficient phosphine ligand gave lower conversion (entry 6). Bulky ligand (o-tol)3P also gave lower
conversion of 1 (entry 7). Finally, (p-tol)3PAuCl as catalyst with 10 equivalent of lithium
carbonate yielded 2 in 77%.
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With the best condition in hand, we started screening the scope of the substrates. As shown
in the substrate scope table, this nucleophilic activation method worked well for a wide range of
aryl diazonium salts and cyclopropanols.

Figure 17: Substrate scope for cyclopropanol ring opening

Consistent with other reported methods for gold redox catalysis, only electron deficient
aryl diazonium salts work for this reaction (2a-2d). Diazoniums with no substituent and with
electron donating substituents failed to yield any product. For the scope of cyclopropanols, this
reaction worked well for the both electron rich and electron deficient benzyl groups in R1 position.
Having an aryl groups in R1 position gave the best yields for this reaction perhaps because of more
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active cyclopropanol ring. Both electron deficient and electron rich aryl group in R1 also work
very well. For the case of having substituents on the cyclopropane ring, the less hindered side tend
to for C-Au bond followed by reductive elimination 2h. There is a unique reactivity in formation
of 2k and 2l where low yields were observed. This could be due to the steric effect of the methyl
group on the ortho position switching the reaction pathway. A similar reaction mode could be
envisaged in the case of cyclohexyl substituent in 2l.

Figure 18: Substrate scope for ring opening using different diazonium salts

A series of diazonium salts were also evaluation for the reaction. In the cases presented in
Table 7, electron deficient diazonium salts were found to be active. Most electron rich diazonium
salts gave a vigorous reaction probably due to their instability under the reaction condition. The
successful diazonium salts were useful in broadening the scope of the reaction and helpful in
extending the synthetic utility of the reaction. A very important question in this reaction was
whether oxidation of gold(I) to gold (III) goes through a radical or a two-electron process.
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Figure 19: Plausible mechanism for cyclopropanol oxidative ring opening

2.4 Conclusion

The newly developed base-assisted diazonium salt activation has been used for oxidative
coupling and cyclopropanol ring opening. Using a low catalyst loading, cheap inorganic base at
low temperature, we have developed a new route to β-substituted ketone at high to excellent yields.
The reaction proceeds with several substituted ketones with electron withdrawing and electron
donating functional groups. This strategy also tolerates a series of diazonium salts to enable a broad
chemical diversity of β-substituted ketones.

2.5 Experimental Data

2.5.1 Procedure for synthesizing compounds 3.

In a 2 ml vial, to a solution of cyclopropanol 1a (162 mg. 1 mmol) in 2.5 ml acetonitrile (0.4 M),
gold catalyst (53 mg, 0.1 mmol), diazonium salt (420 mg, 2 mmol) and lithium carbonate (740 mg,
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10 mmol) was added respectively. The resulting mixture allowed to stir at 50 oC for 6 hours. After
that, the reaction mixture was directly loaded on column chromatography on silica gel for
purification by hexane/ethyl acetate (20:1) as solvent to isolate the desired product.

2.5.2 Compound characterization
O

F

2a
1H

NMR (500 MHz; CDCl3): δ 7.11 (d, J = 7.8 Hz, 2H), 7.05 (m, 4H), 6.92 (m, 2H), 3.61 (s,

2H), 2.82 (t, J = 7.4 Hz, 2H), 2.74-2.71 (t, J = 7.4 Hz, 2H), 2.33 (s, 3H). 13C NMR (126 MHz;
cdcl3): δ 207.5, 161.31 (JC-F= 244.31 Hz), 136.70, 136.54 (JC-F = 3.27 Hz),130.8, 129.69 (JC-F =
7.68 Hz), 129.4, 129.2, 115.123 (JC-F = 21.168 Hz), 77.3, 77.0, 76.7, 50.0, 43.29 (JC-F= 0.75 Hz),
28.9, 21.1
Br

O

F

2b
1H

NMR (400 MHz; CDCl3): δ 7.43 (d, J = 8.3 Hz, 2H), 7.07 (dd, J = 8.3, 5.5 Hz, 2H), 7.01 (d,

J = 8.2 Hz, 2H), 6.93 (t, J = 8.7 Hz, 2H), 3.60 (s, 2H), 2.84 (t, J = 7.2 Hz, 2H), 2.74 (t, J = 7.2
Hz, 2H). 13C NMR (126 MHz; cdcl3): δ 206.4, 161.37 (JC-F= 244.69 Hz), 136.32 (JC-F= 3.15
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Hz), 132.8, 131.8, 131.1, 129.71 (JC-F= 7.81 Hz), 121.1, 115.21 (JC-F= 21.17 Hz), 49.5, 43.6,
28.8.

O

F

2c
1H

NMR (500 MHz; CDCl3): δ 7.96-7.94 (m, 2H), 7.57-7.54 (m, 1H), 7.45 (t, J = 7.7 Hz, 2H),

7.20 (td, J = 7.3, 2.7 Hz, 2H), 7.00-6.95 (m, 2H), 3.28 (t, J = 7.6 Hz, 2H), 3.05 (t, J = 7.6 Hz,
2H). 13C NMR (126 MHz; cdcl3): δ 199.0, 161.357 (JC-F= 244.44 Hz), 136.84 (JC-F= 3.15 Hz),
136.75, 133.1, 129.79 (JC-F= 7.81 Hz), 128.6, 127.98, 127.94, 115.21 (JC-F= 21.17 Hz), 77.3,
77.0, 76.7, 40.39 (JC-F= 0.63 Hz), 29.2.

O

F

2d
1H

NMR (400 MHz; CDCl3): δ 7.29-7.25 (m, 2H), 7.21-7.13 (m, 3H), 7.11-7.08 (m, 2H), 6.96-

6.92 (m, 2H), 2.87 (m, 4H), 2.72-2.66 (m, 4H). 13C NMR (126 MHz; cdcl3): δ 208.9, 161.33 (JCF=

244.69 Hz), 140.9, 136.59 (JC-F= 3.15 Hz), 129.69 (JC-F= 7.81 Hz), 128.5, 128.3, 126.1,

115.19 (JC-F= 21.04 Hz), 44.5, 29.7, 28.85, 28.82
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MeO

O

F

2e
1H

NMR (400 MHz; CDCl3): δ 7.05 (m, 4H), 6.91 (m, 2H), 6.83 (d, J = 8.3 Hz, 2H), 3.78 (s,

3H), 3.57 (s, 2H), 2.81 (t, J = 7.2 Hz, 2H), 2.71 (t, J = 7.4 Hz, 2H). 13C NMR (126 MHz; cdcl3):
δ 207.6, 161.29 (JC-F= 244.44 Hz), 158.6, 136.53 (JC-F= 3.15 Hz), 130.3, 129.68 (JC-F= 7.81 Hz),
129.4, 125.9, 115.11 (JC-F= 21.04 Hz), 114.14, 113.96, 55.2, 49.5, 43.20 (JC-F= 0.75 Hz), 28.9.

O

F

2f
1H

NMR (500 MHz; CDCl3): δ 7.85 (dt, J = 4.6, 2.4 Hz, 1H), 7.78 (d, J = 7.7 Hz, 2H), 7.48-

7.46 (m, 2H), 7.41 (dd, J = 8.2, 7.1 Hz, 1H), 7.31 (d, J = 6.9 Hz, 1H), 6.97 (td, J = 6.0, 2.6 Hz,
2H), 6.87-6.83 (m, 2H), 4.06 (s, 2H), 2.79 (t, J = 7.3 Hz, 2H), 2.69 (t, J = 7.3 Hz, 2H). 13C NMR
(126 MHz; cdcl3): δ 207.6, 161.24 (JC-F= 244.31 Hz), 136.38 (JC-F= 3.15 Hz), 133.8, 132.1,
130.7, 129.64 (JC-F= 7.81 Hz), 128.7, 128.21, 128.06, 126.5, 125.9, 125.5, 123.7, 115.03 (JC-F=
21.04 Hz), 48.7, 42.8, 28.8
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O

MeO

F

2g
1H

NMR (400 MHz; CDCl3): δ 7.95-7.92 (m, 2H), 7.20 (dt, J = 6.6, 3.5 Hz, 2H), 6.99-6.91 (m,

4H), 3.87 (s, 3H), 3.22 (t, J = 7.7 Hz, 2H), 3.03 (t, J = 7.7 Hz, 2H). 13C NMR (126 MHz; cdcl3):
δ 197.6, 163.5, 161.35 (JC-F= 244.44 Hz), 137.03 (JC-F= 3.15 Hz), 131.0, 130.3, 129.79 (JC-F=
7.68 Hz), 115.20 (JC-F= 21.17 Hz), 113.7, 55.5, 40.07 (JC-F= 0.75 Hz), 29.5

O

F

2h
1H

NMR (400 MHz; CDCl3): δ 7.08 (m, 2H), 7.01 (dd, J = 8.0, 5.6 Hz, 2H), 6.91 (m, 4H), 3.54

(s, 2H), 2.94-2.87 (m, 2H), 2.53 (m, 1H), 2.32 (s, 3H), 1.07 (d, J = 6.3 Hz, 3H). 13C NMR (126
MHz; cdcl3): δ 211.3, 161.42 (JC-F= 244.69 Hz), 136.5, 135.25 (JC-F= 3.40 Hz), 130.5, 130.29
(JC-F= 7.94 Hz), 129.30, 129.26, 115.06 (JC-F= 21.04 Hz), 49.1, 47.0, 38.4, 21.0, 16.8
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O

F

F

2j
1H

NMR (400 MHz; CDCl3): δ 7.96 (ddt, J = 8.9, 5.6, 2.9 Hz, 2H), 7.19 (td, J = 5.8, 2.7 Hz,

2H), 7.13-7.08 (m, 2H), 6.96 (ddd, J = 10.5, 7.2, 2.8 Hz, 2H), 3.24 (t, J = 7.5 Hz, 2H), 3.03 (t, J
= 7.5 Hz, 2H). 13C NMR (126 MHz; cdcl3): δ 197.4, 165.73 (JC-F= 255.53 Hz), 161.39 (JC-F=
244.69 Hz), 136.70 (JC-F= 0.75 Hz), 133.20 (JC-F= 3.40 Hz), 130.61 (JC-F= 9.32 Hz), 129.79 (JCF=

7.81 Hz), 115.70 (JC-F= 21.92 Hz), 115.26 (JC-F= 21.17 Hz), 40.3, 29.2

O

Cl

3a
1H

NMR (500 MHz; CDCl3): δ 7.21-7.18 (m, 2H), 7.11 (d, J = 7.9 Hz, 2H), 7.04-7.02 (m, 4H),

3.61 (s, 2H), 2.82 (t, J = 7.4 Hz, 2H), 2.72 (t, J = 7.2 Hz, 2H), 2.33 (s, 3H). 13C NMR (126 MHz;
cdcl3): δ 207.3, 139.4, 136.7, 131.8, 130.8, 129.7, 129.2, 128.5, 119.1, 77.3, 77.0, 76.7, 50.0,
43.0, 29.0, 21.1
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O

O

3c
1H

NMR (400 MHz; CDCl3): δ 7.84 (d, J = 8.2 Hz, 2H), 7.20 (d, J = 8.2 Hz, 2H), 7.11 (d, J =

7.9 Hz, 2H), 7.04 (d, J = 7.9 Hz, 2H), 3.62 (s, 2H), 2.91 (t, J = 7.4 Hz, 2H), 2.77 (t, J = 7.4 Hz,
2H), 2.57 (s, 3H), 2.32 (s, 3H). 13C NMR (126 MHz; cdcl3): δ 207.1, 197.7, 146.7, 136.7, 135.2,
130.8, 129.4, 129.2, 128.54, 128.53, 77.3, 77.0, 76.7, 50.0, 42.6, 29.6, 26.5, 21.0

O

CF3

3d
1H

NMR (500 MHz; CDCl3): δ 7.95 (d, J = 7.7 Hz, 2H), 7.55 (t, J = 7.2 Hz, 2H), 7.46 (t, J = 7.6

Hz, 2H), 7.37 (d, J = 7.9 Hz, 2H), 3.33 (t, J = 7.5 Hz, 2H), 3.14 (t, J = 7.5 Hz, 2H). 13C NMR
(126 MHz; cdcl3): δ 198.5, 145.4, 136.6, 133.2, 128.72 (JC-F= 16.50 Hz), 128.66, 128.0, 125.44
(JC-F= 3.78 Hz), 125.40, 125.35 (JC-F= 4.16 Hz), 39.8, 29.8
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Br

O

I

3e
1H

NMR (400 MHz; CDCl3): δ 7.56 (d, J = 8.2 Hz, 2H), 7.43 (d, J = 8.3 Hz, 2H), 7.00 (d, J =

8.3 Hz, 2H), 6.87 (d, J = 8.2 Hz, 2H), 3.60 (s, 2H), 2.80 (t, J = 6.8 Hz, 2H), 2.73 (t, J = 6.8 Hz,
2H). 13C NMR (126 MHz; cdcl3): δ 206.2, 140.4, 137.5, 132.7, 131.8, 131.1, 130.4, 121.2, 91.2,
49.5, 43.2, 29.1

Br

O

O

3f
1H

NMR (400 MHz; CDCl3): δ 7.77-7.74 (m, 2H), 7.70-7.68 (m, 2H), 7.56 (ddd, J = 7.7, 5.8,

1.7 Hz, 1H), 7.48-7.40 (m, 4H), 7.23-7.21 (m, 2H), 7.03-7.01 (m, 2H), 3.62 (s, 2H), 2.94 (t, J =
7.4 Hz, 2H), 2.80 (t, J = 7.4 Hz, 2H). 13C NMR (126 MHz; cdcl3): δ 206.0, 196.2, 145.8, 137.6,
135.5, 132.7, 132.2, 131.8, 131.0, 130.4, 129.9, 128.24, 128.19, 121.1, 49.4, 43.0, 29.5
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Chapter 3: Development of Triazole Based Catalysts for Olefin Metathesis

3.1 Olefin Metathesis

Olefin metathesis is a versatile organic reaction that involves the rearrangement of olefin
(alkene) fragments. It entails a scission of carbon-carbon double bonds followed by redistribution
of the olefin fragments. It is widely considered to be a relatively simple and efficient reaction
because it creates fewer undesired products and less hazardous wastes.25 The 2005 Nobel prize in
chemistry was awarded to Yves Chauvin, Robert H. Grubbs and Richard R. Schrock for their
groundbreaking efforts towards elucidating the reaction mechanism and discovering a variety of
highly active catalysts. Although it is worth mentioning that vigorous research in the area of olefin
metathesis dates to the early 1950s.
In 1972, Hérisson and Chauvin first proposed the widely accepted mechanism of transition
metal catalyzed alkene metathesis. It was known that a direct [2+2] cycloaddition of two alkenes
is formally symmetry forbidden and thus has a high activation energy. The Chauvin mechanism
involves the [2+2] cycloaddition of an alkene double bond to a transition metal alkylidene to form
a metallacyclobutane intermediate.26 The metallacyclobutane produced can then cyclo-revert to
give either the original species or a new alkene and alkylidene (Figure 20).
The d-orbitals interaction on the metal catalyst lowers the activation energy enough that
the reaction can proceed rapidly at low temperatures. Like most chemical reactions, the metathesis
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pathway is thermodynamic controlled since the final products are determined by the energetics of
the possible products, with a distribution of products proportional to the exponential of their
respective energy values. In olefin metathesis, however, this thermodynamic factor is especially
relevant since all the possible products have similar energy values (all of them contain a double
bond). Because of this, the product mixture can be tuned by reaction conditions, such as gas
pressure and substrate concentration.

Figure 20: Mechanism for olefin metathesis

One of the unique features of Olefin metathesis (OM) is that it cuts across a wide variation
of reactions involving carbon-carbon double bonds (Figure 20). Despite these variations, all OM
reactions proceed via same mechanism as proposed by Chauvin.
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A.

Ring Opening Metathesis (ROM) and Ring Closing Metathesis (RCM) involves a

strained alkene (of norbornene) and the release of ring strain drives the reaction. Ring-closing
metathesis, conversely, usually involves the formation of a five- or six-membered ring, which is
energetically favorable; although these reactions tend to also evolve ethylene, as previously
discussed. RCM has been used to close larger macrocycles; in which case the reaction may be
kinetically controlled by running the reaction at extreme dilutions. The same substrates that
undergo RCM can undergo acyclic diene metathesis, with ADMET favored at high concentrations.

Figure 21: Basic RCM and ROM reactions

B.

Cross metathesis (CM) and Ethenlolysis are often driven by the entropically favored

evolution of ethylene or propylene, which are both gases. Because of this, CM and RCM reactions
often use alpha-olefins. The reverse reaction of CM of two alpha-olefins, ethenolysis, can be
favored but requires high pressures of ethylene to increase ethylene concentration in solution. The
reverse reaction of RCM, ring-opening metathesis, can likewise be favored by a large excess of an
alpha-olefin, often styrene.

Figure 22: CM and ethenolysis reactions
C.

Ring Opening Metathesis Polymerization (ROMP) is a highly successful metathesis

reactions which involves chain-growth polymerization that produces industrially important
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products. The driving force of the reaction is relief of ring strain in cyclic olefins (e.g. norbornene).
Most large-scale commercial processes rely on the former while many fine chemical syntheses
rely on the homogeneous catalysts.

Figure 23: Basic ROMP reaction

3.2 Catalysts Development

Olefin metathesis is no doubt one of the most successful organic transformations for C=C
bonds formation both at laboratory and industrial scales. The discovery of this reaction dates to
the 1950s when researchers at DuPont utilized Titanium (Ti) complexes for norbornene
polymerization following a ring opening mechanism to form a titanium pi complex. This reaction
was then called coordination polymerization.27 In a similar development, Phillips Petroleum
Company in 1964 described a method called olefin disproportionation with Mo(CO)6, W(CO)6
and MoO for converting propylene to a 50:50 mixture of ethylene and 2-butene28. In their, efforts
to describe the reaction mechanism, they described a mechanism involving a cyclobutene or
quasicyclobutane metal complex. Following years of development, Grubbs and coworkers started
to develop well defined, functional group tolerant olefin metathesis catalysts. The successfully
polymerized the 7-oxo norbornene derivative using RuCl3, OsCl3 and tungsten alkylidenes.29 With
the clues provided by the alkylidene results, they identified Ru(II) carbene as the active metal
center and they published, in 1992 the first well defined ruthenium based olefin metathesis catalyst.
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The corresponding PCy3 complex was also shown to be active and this was later commercialized
as first generation grubbs catalyst30,31,32.

Figure 24: Grubbs catalysts

As an extension of tantalum alkylidene work, Shrock in 1972 entered the metathesis field.
However, the best results were obtained with the unique well-defined Mo alkyleidene catalysts
which were commercial in 199033. This catalyst was very well known for their activity and their
ability to facilitate asymmetric reactions.

Figure 25: Schrock alkylidene
54

3.3 1, 2, 3-Triazole as Ligand

The 1,2,3-triazole moiety, through its ease of preparation and the ability to include a wide
range of functional groups into the substituents, provides an excellent route for ligand design.
Triazole possess two nitrogen atoms capable of metal coordination, the N3-position being the more
basic. Inclusion of other donor functions into the R and R′ groups of the alkyne
and azide precursors therefore allows access to a wide range of chelating ligands. In addition, the
5-position C–H moiety allows access to anionic triazolides through C–H activation. If alkylated in
the N3-position, deprotonation of this relatively acidic C–H bond leads to the formation of
abnormal mesoionic N-heterocyclic ‘click’ carbenes. Whilst initially slow, the past five years have
seen an explosion in the utilization of CuAAC for the design of new ligand systems for metal
complexes.

Figure 26: Triazole as ligand

3.4 Prevailing Challenges in Olefin Metathesis

After several decades of developments, the following remain important areas of
development for Ru-catalyzed olefin metathesis reactions:
1. Olefin metathesis in air and moisture
2. Functional Group Tolerance
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3. Stereoselective Olefin Metathesis using Ruthenium Alkylidenes:
Traditional methods of control in olefin metathesis (OM) have relied on the intrinsic
reactivity of an olefin, as well as thermodynamic selectivities, but recent developments in OM
catalysts have allowed for tailoring of the catalytic scaffold to impart some stereochemical control
on the olefinic products. Early stereoselective OM research focused on the desymmetrization of
achiral olefins to provide chiral molecules through the alteration of the ligand scaffold. An
incredible amount of effort has been devoted to understanding and development of Z-selective
metathesis. Metathesis has had a far-reaching impact on organic chemistry, and many exciting
developments have occurred. Because OM is reversible and secondary metathesis readily occurs,
the ratio of E- and Z-olefins typically reflects the thermodynamic energy difference between the
two isomers, which is about 9:1, E:Z .34–36 This presents a synthetic problem, because many natural
products and biologically active molecules contains Z-olefin.
The demands for a kinetically Z-selective OM strictly depends on the ruthenacyclobutane.
If the ruthenacyclobutane forms with the substituents in an anti-arrangement, (sterically
favored), cycloreversion will generate an E-olefin. However, if the ruthenacyclobutane forms with
substituents in a syn-arrangement, (sterically less favored), cycloreversion furnishes the Z-isomer.
To develop a Z-selective catalyst, olefin coordination to the ruthenium-carbene would need to be
limited to occur from one side, and the generated ruthenacycle, following [2+2] cycloaddition,
would need to form in a way to generate an all syn-ruthenacyclobutane. Upon cycloreversion, a Zolefin is obtained.37–40
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3.5 Significance of the Project

After a careful review of the structure-activity relationships of the catalysts, we envisioned
a novel class of triazole-based Ru complexes in which the triazole binds with its N lone pair and
the ortho-alkylidene fragment. This design was based on the expectation that triazole would be a
better X-ligand which could facilitate the disengagement of the trans L-ligand as shown in fig. 1.
It is also believed that a stable triazole ligand would further improve the air and moisture stability
of the complexes. Being a robust moiety, incorporating a triazole is also expected to enable
further structural diversity and even post synthetic modification of the resulting metathesis
catalysts.
Overall, this project will create a new library of metathesis catalysts and provide an avenue
for gaining more insight into the reactivity and selectivity of Ruthenium based alkylidenes.

Figure 27: Series of Novel Ru-alkylidenes
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3.6 Synthesis of Ligands and Complexes

3.6.1 Synthesis of Complex Ru-TA 1

Figure 28: Synthetic scheme for Ru-TA 1 alkylidene

The triazole ligand was synthesized starting with readily available 2-bromobenzaldehyde.
The alkyno-trimethyl silane will be introduced by Sonogashira coupling which is well known to
give very high yields for similar substrates. The TMS deprotection will be done under basic
condition using K2CO3 in methanol (Figure 29) TMS deprotections under this condition usually
give 90 – 100 percent yield with easy purification using column chromatography. To obtain the
desired styrene, Wittig reaction was employed on the aldehyde followed by Click reaction to
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access the desired triazole ligand. The subsequent complexation was easily done via ligand
exchange in dichloromethane at room temperature to afford a greenish complex which was filtered
off and recrystallized to afford pure sample of complex Ru-TA 1. The initial characterization was
done by proton NMR which indicated a shift in ppm value for the alkylidene proton from 19 ppm
to 22 ppm.
3.6.2 Synthesis of complex Ru-TA 2

Figure 29: Synthetic scheme for Ru-TA 2 alkylidene

Similar to the synthetic route to Ru-TA 1, we used the triazole ligand for the ligand
exchange process to afford a Ru-TA 2 using chloroform as solvent at 40 oC. For this reaction, CuCl
was not used as phosphine scavenger as suggested in some literatures. This is because the strong
Ru-N bond formed could not be displaced by the weakly binding PCy3 in a dynamic binding event.
Consequently, the mother liquor containing phosphine was filtered off to obtain a pure complex.
The initial crude solid was confirmed using 1H and 31P NMR. The alkylidene proton shit and the
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significant change in the 31P due to the trans effect created by the triazole ligand enabled a reliable
characterization for the compound. The crystals were grown in acetonitrile to afford decent single
crystals of the complex.

3.6.3 Synthesis of complex Ru-TA 3

With the interest in developing efficient and cost-effective route to ligands and complexes,
it was imperative to initiate the ligand synthesis using benzaldehyde. The first step involves a
Henry reaction to form the reactive nitroalkene. The Henry’s reaction has been well known to be
a very high yielding reaction especially with simple substrates. The electron deficient olefin was
then subjected to a classic strenuous condition for the formation of triazole. At 80 oC for several
hours, about 70 % yield was noted for the desired triazole. The crude solid was purified using
hexane-ethylacetate mixtures and then recrystallized. A 2-iodoaryl compound is the coupled with
the N-H triazole using the Ullmann condition. As expected, a mixture of N1, N2 and N3 products
were obtained. The desired N2 products was identified by the characteristic high fluorescence
activity. The mixture was purified using column chromatography and further purified by a quick
recrystallization to obtain an off-white solid. A Wittig reaction was the carried out to afford the
desired alkylidene ligand at high yield. The white solid was recrystallized to afford a white powder.
The final ligand exchange was again done in dichloromethane at 40 oC for 2-3 hours to get a brown
solid for which single crystals were grown in acetonitrile. The complex Ru-TA 3 was
characterized by the expected proton shift of the alkylidene proton and the loss of 31P signal.
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Figure 30: Synthetic scheme for Ru-TA 1 alkylidene

3.7 Evaluation of the Complexes for Olefin Metathesis

A. Cross Metathesis Reaction
With the pure ruthenium carbenoid in hand, we sought to test the reactivity if these ligands
for trans-alkylidenation of terminal olefins. Noting that significant success has been recorded in
the getting very high yields, significant attention will be placed on getting high product selectivity.
It is statistically expected to have 6 products: 4 E/Z homocoupling products and 2 E/Z crosscoupling products. To prevent homocoupling, it is important to carefully select the reacting olefin
substrate. The rule of thumb in this case is to select 2 olefins with very different reactivities- more
importantly different electronic properties imposed by the presence of electron withdrawing
groups or resonance.
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Styrene was selected as the base substrate while a series of olefins were selected as
coupling partners as shown in Table 4.

Table 4: Results for cross metathesis reactions
Entry

Olefin

Catalyst

Yield(%)

Ru-TA 1

48

Ru-TA 2

57

Grubbs 2

58

Ru-TA 1

39

Ru-TA 2

63

Ru-TA 1

22

Ru-TA 2

41

1

2

3

Novel complexes Ru-TA 1 and Ru-TA 2 were employed for CM reactions using 3 sets of
coupling partners with styrene as the base substrate. In the reaction with nitro alkene Ru-TA 2
gave a high yield 57 % probably due to the stronger trans-effect imparted by the triazole ligand in
displacing the phosphine ligand. This result was found to be comparable with a literature result
with Grubbs II35 complex giving 58%. However, both the literature result and our result gave
predominantly E product.
Similarly, acryloyl chloride was subjected to the standard reaction connditon with syrene
as coupling partner. The complex Ru-TA 2 gave a 63% yield of the E isomer, the acryloyl chloride
gave a higher yield compared to nitro alkene probably since the alkyne is more activated. A
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significantly lower yield was observed with acrylonitrile under the standard metathesis condition
we employed. This is believed to the be due to some unexpected polymerizations taking place.
Certain additives like CuI have been found to be helpful in driving the reaction forward. To this
end, it can be inferred that a significant structural modification to the current novel complexes
could help to improve the Z-selectivity of the olefin metathesis.

B. Ring Opening Metathesis Polymerization

Norbornene was selected as the prime substrate due to its enormous characteristic ring
strain. This strain is expected to be the driving force for the target reaction. Using 2 mol% catalyst
loading and dichloromethane as solvent, the polymer was formed with 100% conversion of
norbornene at every trial. Complex Ru-TA 1 expectedly gave a 100% conversion of the norbornene
starting material and a mixture of E/Z product. The NMR analysis of the polymer mixture shows
a modest 50:50 ratio. This result is tremendous for the first trial of our novel complex and
significant structural twitch to the complex would give a better selectivity. On the other hand,
complex Ru-TA 2 gave an 80/20 mixture in favor of the E product. The significant difference in
the selectivity of the complexes could be clearly attribute do the activity of the NHC vs PCy 3
ligands. Regardless of how these ligands compare in terms of electronics, it is imperative to assume
that the NHC ligands imposes more stability of the ligand as well as a significant level of steric
control. The bulkiness of the NHC ligand has been shown to have significant impact of selectivity
of Ru-carbenoids. As a significant modification to these Ru-carbenoid development, a level of
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structural modification can therefore be impacted on our triazole ligand simply by installing
different bulky functional groups on the aryl group of the ligand. For instance, simply installing
an adamantane to the ortho-position to the alkylidene could be a positive direction in this
chemistry.
3.8 Conclusion

Herein, a series of novel triazole based ruthenium alkylidene complexes are reported. The
triazole ligand was observed to exert enough trans effect to provide an empty orbital on the
ruthenium center. The complexes were characterized using 1H,

13

C,

31

P NMR as well as single

crystal X-ray crystallography. Furthermore, the well-defined complexes were employed to
catalyze cross metathesis reaction of styrene and a series of coupling partners. Similar to Grubb II
catalysts, complex Ru-TA 2 gave 56% E-olefin in a cross-metathesis reaction. For ring opening
metathesis reaction, our catalysts give up to 55% Z-olefin. Although, the results obtained for cross
metathesis and ring opening metathesis polymerization are similar to current reported yields from
Grubbs catalyst, a significant structural modification would further improve the selectivity of the
catalysts while also increasing yield.
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Chapter 4: Appendices
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Appendix 1: Gold redox catalysis for cyclization/arylation of allylic oximes
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Appendix 2: Cyclopropanol Ring Opening
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Appendix 3: Development of Triazole Based Catalyst for Olefin Metathesis
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